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The fire accident to most frequently occur at a process plant may be generated at any place
transporting or handling combustible materials. Especially, in the case of a jet fire at a
process plant pipe operated under high pressure, a critical outcome may arise. To review
this, this study was designed to apply the CFD simulation on the outcome of a jet fire
generated at a high pressure hydrogen pipeline within a pipe rack structure to compute the
consequences. For the simulation, Kameleon FireEx(KFX) was used, and for results, the
temperature of a jet fire and heat flux distribution under the complex geometry of a pipe
rack structure, boundary conditions, and turbulent combustion were reviewed.
Crown Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).Introduction
In the process industry, along with high pressure hydrogen,
most ingredients, products, and waste gases regarding pro-
duction activities are transported through pipelines. These
pipelines are not scattered over random places within the
process but are organized at the pipe rack structure to be
installed. Under the characteristics of materials to be handled
and installed, pipelines are selected and manufactured with
proper materials, but even with such criteria, at the pipelines,
there can be an unexpected accident of leakage due to dete-
rioration or external events. In the case of pipeline trans-
porting hydrogen, since the inside of pipeline always receives7; fax: þ82 43 853 6091.
k).
0
Energy Publications, LLC.
rg/licenses/by-nc-nd/4.0/)high pressure, if there is any leakage, a jet leak may occur.
Furthermore, the relatively low minimum ignition energy
(hydrogen: 0.018 mJ, methane: 0.28 mJ, propane: 0.25 mJ),
compared to some representative hydrocarbon like methane
or propane, creates ease of ignition of leaking hydrogen to
cause a jet fire accident [1]. At the pipe rack structure, there
are other numerous pipelines used in the process plant,
possibly causing a simultaneous domino effect from the fire
accident of a single pipeline, impacting not only the safety of
the process plant, but also production. Mercedes et al. [2] and
Darbra et al. [3] analyzed the simultaneous chemical accidents
in the past based on the Major Hazard Incident Data Service
(MHIDAS) database, and these analytical data proposed that
among external events to cause primary accidents, firePublished by Elsevier Ltd. This is an open access article under the CC
.
Nomenclature
B buoyancy
C1;C2 constant in k-ε model
CD discharge coefficient
eT total internal energy, J/kg
Fliq exchange of momentum between liquid and
gas phase
f1; f2 functions in low Reynolds-number model
fi mass forces which the gas is influenced
fu low-Reynolds number correction factor
g gravitational acceleration, m/s2
k turbulent kinetic energy, J/kg
kI conductivity
P production of turbulent kinetic energy, W/m3
Qgs heat transport from solid to gas phase
QRad;f net radiative transfer to the gas phase
Ri chemical source term
Rliq rate of liquid to gas phase transition
Rt turbulent Reynolds number
Sliq net heat transfer from the liquid phase
Yi species mass fraction
Vlj molecular diffusion velocity of species i in the
direction j
Greek letters
d Kronecker delta
ε dissipation of the turbulent kinetic energy, W/
m3
k second viscosity coefficient
meff effective diffusion coefficient
mt turbulence diffusion coefficient
r gas density, kg/m3
tij tension, N/m
2
Subscripts
eff effective
i, j index
i species
liq liquid phase
Superscripts
d mean, time averaged quantities
00 fluctuation, Favre averaged quantities
~ mean, Favre averaged quantities
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accident. Therefore, more studies of fire accidents at process
plants are essential. In accordance with recent studies on
hydrogen fire, Kessler et al. [4], Deimling. et al. [5], Brennan [6],
and Schefer et al. [7] applied the numerical analytic method-
ology to conduct the studies, and these preliminary studies
accentuate the small-scale hydrogen fire generated within a
fairly simple geometry. On the other hand, this study was on
the numerical analysis of hydrogen jet fire under the scenario
within the complex and large-scale process plant pipe rack
structure. Thereafter, the result was analyzed to evaluate the
potential intensity of damage to be influential on the
structure.This jet fire study was also to review the thermal effect
around the jet fire at the high-pressure hydrogen pipeline
installed at a pipe rack, where the fire accident occurs most
frequently [3]. For this, the CFD (computational fluid dy-
namics) simulation technique to show a virtual estimation
very similar to practical consequences under installations,
equipment, form, positional density, turbulence, atmospheric
conditions, obstacles, and wind effects required in thermal
effect analysis was applied [8e10].Numerical modeling with a combustion model
This study was designed to use Kameleon FireEx (KFX)
developed by ComputIT to analyze the jet fire phenomenon.
KFX uses a Cartesian finite volume technique to solve the
averaged basic transport equations from fluid dynamics. In
the main gas phase governing equation (Eqs. (1)e(4)) devel-
oped to analyze the combustion phenomenon within a com-
plex geometry, the mass species fractional equation (Eq. (1)),
or the conservation of mass, is expressed by the continuity
equation (Eq. (2)), momentum conservation along the coordi-
nate direction by NaviereStokes (Eq. (3)), and total energy
equation for compressible gas flows (Eq. (4)) [11].
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To compute the effect of turbulence on the gas flow, KFX
uses the extended formula of conventional k-ε formula for
buoyancy and some low-Reynolds numbers. The modeled
equation for k and ε (Eq. (5)) and the rate of dissipation of
turbulent kinetic energy ε (Eq. (6)) on the KFX are as follow;
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The constants in the turbulence model are as follow:
CD ¼ 0:09; sk ¼ 1:0; sε ¼ 1:3; C1 ¼ 1:44; C2 ¼ 1:92
The computation of turbulent combustion uses the EDC
(eddy dissipation concept) turbulent combustion model [12],
and this model describes the residence times of these struc-
tures and the mean reaction rates as a function of a mass
fraction of reacting structures. Furthermore, the diffusion and
pre-mix of flame may be concerned by reflecting the charac-
teristics of turbulent combustion [11,12]. For the radiation
model, the discrete transfermodel by Shah and Lockwood [13]
is used, and this model provides an acceptable compromise
between accuracy and calculation speed.
KFX is capable of calculating heavy and light gas dispersion
as well as hydrocarbon liquid pool fires, spray fires, and gas jet
fires, in enclosures and in open air. By this time, the KFX Code
has shown decent results of flame behaviors and temperature
of hydrocarbon through numerous projects and experiments
of the jet fire simulation [9e11]. Yet, because there are not
many circumstances where hydrogen gas is applied in the
simulation instead of hydrocarbon, the results are not deter-
minately verified relative to experiments. However, as a object
material of jet fire analysis, hydrogen is allowed to be selected
for the simulation.CFD simulation description
3D geometry of pipe rack
The process industry requires the installation and operation
of numerous pipelines for transport and collection of mate-
rials related to production. These pipelines are not located
randomly over the process, but are organized and installed at
the pipe rack. Normally, different sizes of pipe racks are
installed with regard to the loads of subjects under the types
and locations of pipes. In this study, an arbitrary pipe rackwas
composed and manufactured for the simulation, and this is
indicated in Fig. 1. The length of the arbitrary pipe rack at thevirtual space is 133 m, the height is 16 m, and the width is
12.5 m, as shown in Fig. 1.
Modeling scenario and input data
While hydrogen is an essential element to produce products in
petrochemical process plant, it is also produced as byproduct
from the production process. In the case of oil refinery, units
such as hydrocracking, H-oil (heavy oil), and desulfurization
require large amounts of hydrogen. Most of the process
transports and handles high pressure over 190 barg, and such
high pressure hydrogen pipelines are installed along with
other pipelines transferring other materials [14].
Since the hydrogen handling process at the process plant is
operated under high pressure, if there is any leakage, a jet leak
occurs. As mentioned above, this jet leak will cause a jet fire
due to low ignition energy [2,3]. Therefore, for the thermal
damage analysis of structures and pipelines, this study was
designed to select the jet fire as the accident scenario type.
The arbitrary pipe rack hydrogen leak position on a pipe
shown in Fig. 1 is the center of the connection between two
elbows on hydrogen delivery pipelines of 0.5 m diameter at
8.6 m high above the ground. The leakage direction is in the
eY direction, the leak hole is 0.05 m in diameter, and the area
of hole is 0.0019625 m3.
On the hydrogen pipe with a diameter of 0.5 m diameter,
the leakage rate of hydrogen from a 0.0019625 m2 leak hole
calculated under the inner pipe pressure (187.3 bar), temper-
ature (368 K), discharge coefficient (CD), and poisson ratio (g)
was 20.2 kg/s.
The grid is the most influential factor on the results of a
simulation [15]. The jet fire has relatively shorter damage
radius than that by explosion or toxic release in general [2].
Therefore, the particular domain selected for the fire analysis
is not relatively wide, and in most cases, a wide general
domain is selected, and the grid density of particular region
expected to have flame propagation is incremented. For KFX,
the grid generator is used to create the grid, and the grid
generator distributes the number of grid nodes in each di-
rection based on the horizontal and vertical sizes of the
calculation domain [15]. The grid dimension applied for this
jet fire simulation was created within the range of 60 m in the
X-axis, 180 m in the Y-axis, and 81 m in the Z-axis. Fig. 3
indicates each grid created by the KFX grid generator in the
X-, Y-, and Z-axes. Here, the white line is the grid refinement
gap at the leakage position. The X-axis is 0.5494 m (fig (a)), the
Y-axis is 1.099 m (fig (b)), and the Z-axis is 0.5494 m (fig (c)).
The white line in Fig. 3 is a locked grid line, and the black line
is an unlocked grid line. The locked grid line is intended to
recognize significant objects within the simulation region e
leak position, walls, and floors e in the calculation step, and
since the open structure without a wall or floor is used in this
study, only the locked grid line for the leak position was set.
Furthermore, unlocked grid lines can bemoved by smoothing
tools to optimize the grid for purpose of numerical accuracy.
The grid is smoothened and stretched toward the domain
boundary direction along with the locked grid line to obtain
the time and result of efficient simulation. Furthermore, for
jet release, a grid that expands from the minimum control
volume size at the leak position towards the domain
Fig. 1 e 3D Form and Leak Position of High Pressure Hydrogen at the Simulated Pipe Rack Structure. (a) for isometric view
with pipe rack size, (b) for side view showing leak position height, hydrogen flow direction, and leakage direction, and (c) for
top view to see the location of the leak position and leakage direction.
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calculated from the expanded jet diameter for choked flow.
With the aforementioned method of jet fire simulation [15],
the 432,745 grids were created in this study. The grid created
from the simulation dimension is as shown in Fig. 4. If theFig. 2 e Boundary conditleak condition in KFX is a choke flow, there is an input value
to be considered important regarding the grid e the distance
to the equivalent leak position. In the KFX model, the
equivalent leak position should be used instead of the actual
leak position [15]. The distance from the actual leak positionions for simulation.
Fig. 3 e Grid in X-, Y-, and Z-axes created by the grid generator for simulation.
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Fig. 4 e Form of the grid created within the simulation domain.
Fig. 5 e Description of the grid and equivalent position at the leak position.
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Fig. 5.
Boundary conditions are also important factors for the
simulation [15]. To set the boundary conditions in this study,
various values were entered. The wind direction was 70Table 1 e Input data for jet fire simulation.
Item Data Item Data
Leak area 1.9625e3m2 Wind direction 70
Discharge rate 20.2 kg/s Stability class F
Wind speed 3 m/s Surrounding temperature 293 K
Leak direction -Y Duration 60s(Fig. 2), atmospheric stability was Passquill class F, wind speed
was 3 m/s at 10 m high, and atmospheric temperature was set
as 293 K. The detailed inputs of simulation are as shown in
Table 1.Fire damage criteria
If the jet fire by hydrogen is generated on the pipe rack of
process plant with high-pressure hydrogen pipe, the pipe rack
structure and surrounding pipes receive critical thermal
damage by the flame. Especially at the domain of a flame, the
high temperature and heat flux directly affect the surrounding
area, and any living organism, structure, installation, or
Table 2 e Guidelines for observing fire damage; Thermal effects on materials (API 579) [16].
Temperature (K) Material of construction Forms or usage Thermal effects
868 Steel Vessels and piping Thermal distortion and creep, some heat scale
1673 316 SS-cast Pumps, valves Melts
1728 316 SS-wrought Vessels, pipe Melts
1789 Steel Various Melts
Table 3 e Guidelines for assessing fire damage effects; Description of the types of damage that may occur in the heat
exposure zone categories (API 579) [16].
Temperature range (K) Heat/Temperature effects Observations and conclusions
478e698  Structural steels, stainless steels, solu-
tion annealed nickel alloys, non-heat
treated titanium and zirconium alloys
generally
 Usually can be returned to service
699e1003  Long exposure to these temperatures
may affect grain structure, properties,
and corrosion resistance of steel and
stainless steel.
 Steel starting to oxidize, the thicker the
scale the hotter the temperature
 Vessel, piping, and tankage compo-
nents, and associated structural steel
supports that are warped or distorted
may require repair or replacement.
Regular carbon stainless steel is sensi-
tized, and may need replacing.
 All gaskets and packing should be
replaced.
 Major equipment, including pressure
vessels, heat exchangers, and rotating
equipment should be cleaned, inspec-
ted, and pressure tested.
Over 1003  Heavily scaled steel may be distorted
due to thermal stresses.
 Steel that is water quenched may
harden and lose ductility.
 All heat-treated or cold-worked
materials may have altered properties.
 Check piping and vessels in low tem-
perature service for any increase in
grain size and loss of toughness.
 Check bolting, vessels, and piping com-
ponents for metallurgical changes.
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damage.
API 579 [16] and World Bank [17] proposed such damage
criteria, and these are indicated in Tables 2e4. Table 2 [16]
indicates the thermal effect under materials, and according
to this, if a vessel and pipe made of steel are affected by the
high temperature of 868 K, thermal deformation, creep, and
thermal scale may be generated, and if the high temperature
of 1728 K is introduced, pumps and valves made of 3l6SS will
melt. Table 3 [16] indicates the damage form of each part
under thermal exposure, and this studywas designed to applyTable 4 e Consequences of thermal heat flux (World
Bank) [17e19].
Heat flux (kW/m2) Observed effect
37.5 Damage to process equipment and
collapse of mechanical structures
25.0 Thin steel (insulated) can lose
mechanical integrity
12.5 Wood can ignite after prolonged
exposure; 100% lethality
11.7 Thin steel (partly insulated) can
lose mechanical integrity
10.0 Certain polymers can igniteand analyze the simulation results when the temperature of
the subject exposure was 699 K e 1003 K. In this case, as rec-
ommended primary measures, all gaskets and packings
should be replaced, and major equipment including pressure
vessel, heat exchanger, and rotating equipment should be
cleaned, inspected, and pressure-tested. Furthermore, ves-
sels, pipes, tanks, components, and other associated struc-
tural steep supports warped or distorted should be repaired or
replaced, and regular carbon stainless steel should also be
replaced. Table 4 [17] indicates the consequence of an accident
possibly affected by thermal radiation, and if affected by
37.5 kW/m2, facilities in the process are damaged, and struc-
tures may collapse.
In this study, the result of jet fire by hydrogen within the
pipe rack structure was proposed under Tables 2 and 3 [16],
and 4 [17], with the damage criteria of each fire proposed as
above.Results and discussion
As a result of a jet fire simulation of high pressure hydrogen,
the damage outcome to the expected pipe rack structure was
categorized into temperature and heat flux, which are to be
analyzed and proposed.
Fig. 6 e Description of a jet fire flame at 60s.
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Fig. 6 indicates the flame form of a pipe rack structure
generated by a high pressure hydrogen jet fire in 60s. The
propagation distance of the flame from the leak position wasFig. 7 e Temperature distrib53 m in the -Y axial direction, and here, the effect of the pipe
rack structure geometry and pipelines inside was considered
for computation. Fig. 7 indicates the temperature distribution
by flame, and the maximum temperature at the flame region
is 2,285 K.ution by jet fire at 60s.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 5 7 6 0e1 5 7 7 215768Figs. 8 and 9 indicate the affected zone of particular tem-
peratures of pipe rack structures under the API 579 criteria.
The (a) of Fig. 8 indicates the temperature distribution region
corresponding to 868 K of Table 2, and the (b) indicates the
temperature distribution region corresponding to 1789 K. As a
damage result of fire, at regions (a), thermal deformation,
creep, and thermal scale of structures made of steel may
occur, and at regions (b), pumps and valves made of 316SS
(cast, wrought) and steel may melt under high temperature.
Fig. 9 describes the result under 1003 K, the significant
temperature among the damage effect criteria in Table 3. The
temperature domain regions of 1003 K e pipe rack structure,
surrounding pipe, and valve e receive critical damage. All
gaskets and packaging should be replaced, and all non-metal
devices are destroyed. Furthermore, the pipe rack structure
is either twisted or deformed, requiring replacement.
The top view images of Figs. 8 and (c) of Fig. 9 are the re-
gions without the effect of a jet fire within the pipe rack
structure, and fire damage did not occur at these points. It isFig. 8 e Result of applying the temperature by jet fire on the crite
(b) is the region under the effect at 1789 K.assumed that such results were brought about because of the
wind effect on jet fire propagation.
Fig. 10 indicates the temperaturemonitor points at 49m, or
20 m away in the -Y axial direction from the leakage point of
high pressure hydrogen. The cross sectional figure of the pipe
rack located at the top right of Fig. 10 indicates each monitor
point, and under MP, the Cartesian coordinates X, Y, and Z are
stated. Fig. 11 indicates the graph of temperature values of
each MP proposed in Fig. 10. Through this graph, the highest
temperature is shown at MP 11, and, as mentioned above, MP
16 does not receive any direct effect of flame. Moreover, for
about 10 s after the initiation of the jet fire, the temperature is
changed irregularly, and from then, the temperature distri-
bution is consistent.
Heat flux distribution
Fig. 12 indicates the heat flux results of the pipe rack structure
surface, and most of the zone directly affected by jet fire isria in Table 2. (a) is the region under the effect at 868 K, and
Fig. 9 e Temperature distribution of 1,003 K applied on the fire damage effects criteria of Table 3. (a) for front view of X-axis,
(b) for front view of Y-axis, and (c) for top view.
Fig. 10 e Description of location and coordinates of monitor point(MP) within the pipe rack structure.
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Fig. 11 e Flame temperature as a function of time at each
MP.
Fig. 12 e Surface heat flux distribution of the pipe rack structur
isometric view of the rear side.
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m2; toward the -Y axial direction of a flame from the leak
position, the major effect on the upper region of the pipe rack
structure is at 45 m, the middle region with effect is at 38 m,
and the lower regionwith effect is at 24m. From Fig. 12(a)e (c),
the heat flux by jet fire does not affect the rear area of the pipe
rack structure, indicating that there is not much thermal
damage.
Fig. 13 shows the radiation heat flux of 37.5 kW/m2 pro-
posed as a result of the damage criteria of Table 4. Through the
damage criteria, the structure in this regionmay collapse, and
facilities relevant to the process may be destroyed.Conclusion
At the pipe rack structure including a pressure hydrogen pipe
and other pipelines at a processing plant, the CFDmodeling of
a jet fire by hydrogen leak was applied to compute the results
of temperature and radiant heat, and the expected thermale by jet fire. (a) for front view, (b) for top view, and (c) for
Fig. 13 e Radiation flux of jet fire simulation. (a) for 37.5 kW/m2 among fire damage effects criteria of Table 3, (b) for 50 kW/
m2, (c) for 100 kW/m2, and (d) for 200 kW/m2.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 5 7 6 0e1 5 7 7 2 15771damage was analyzed and proposed. For the temperature
criteria of thermal damage, API 579 [16] was reflected, and for
the heat flux, the criteria of the World Bank [17] were applied.
The simulation results under temperature and heat flux are as
shown below.
(1) Damage analysis under temperature
Fig. 8 indicates the temperature distribution corresponding
to 868 K and 1789 K among the fire damage criteria under the
material of Table 2. The region corresponding to 868 K brings
thermal deformation, creep, and thermal scale on structuresand pipes made of steel. The region corresponding to 1789 K
leads to amelting of pumps and valves of steel. Fig. 9 indicates
the region of 1003 K among the criteria of Table 3, and pipe
rack structures in this region will receive critical conse-
quences, including distortion or deformation, requiring
replacement, and all nonmetallic facilities are destroyed.
(2) Damage analysis under heat flux
Fig. 12, the heat flux at most of the domain of flame is over
50 kW/m2, and Fig. 13 is to indicate the radiation heat flux
volume of 37.5 kW/m2, and the result exceeded this value,
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 0 ( 2 0 1 5 ) 1 5 7 6 0e1 5 7 7 215772showing that structures within the corresponding region have
collapsed and that facilities of the process have received
critical damage. Finally, the simulation technique proposed in
this study was intended to analyze the possible consequences
of fire at a process plant with numerous hazardous materials
in advance for the preparation of safety measures and con-
tingency plans, besides the securing of safety against fire of
structures from the design steps of the process. Moreover, the
PFP (passive fire protection) to minimize fire damage may be
used efficiently.
The results of this studymay analyze the damage effect on
surrounding pipes by the temperature and radiant heat in
case of jet fire by hydrogen gas at the pipe rack structure with
hydrogen pipes, as stated above. Moreover, these results allow
the prediction of potential possibility of sequential large-scale
accident by causing breakdown of surrounding pipes from the
initial accident of jet fire.
If the damage criteria API 579 rather than World Bank
proposed in this paper is applied to estimate and evaluate
such potential damage, it is expected that the analysis will
provide more comprehensive and detailed evaluation.r e f e r e n c e s
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